Abstract. The objective of this study was to develop and design a model of calculation of fracture parameters for axial-perpendicular direction of wood cutting. Two selected wood species of Central Europe provenance spruce (Picea abies L.) and beech (Fagus sylvatica L.) of two different levels of MC (w ¼ 8% and 16%) were sawn. Measurements of energetic effects (cutting power and cutting force) while sawing wood were carried out on the laboratory stand, simulating conditions of circular saw blade cutting. Using the newly designed model, it is possible to determine fracture toughness and shear yield strength only on the basis of the cutting tests. Unknown parameters, which are then applied in the model, were set based on calculation of the forces acting on the workpiece and the tool. Using the measured cutting force and the feed force, other components of the resulting active force were calculated. The computation was based on Ernst-Merchant's force decomposition diagram. Results confirmed the obvious influence of the anatomical structures and MC on the size of fracture parameters.
INTRODUCTION
The question of whether fracture and crack propagation play a role in the cutting process has a complex history. According to Patel et al (2009) , Reuleaux (1990) was the first to deal with this issue. Williams (1998) , Atkins (2003) , Laternser et al (2003) , and Williams et al (2010) dedicated several scientific studies to understanding how cutting forces are involved in cutting by linking this process to fracture mechanics. On the basis of the performed experiments, Atkins (2005) has suggested that the forces involved in the cutting process depend not only on the cutting edge geometry and on the basic properties of the material, but also, to a large extent, on fracture mechanics-related processes. This approach shows that the cutting forces depend both on toughness of the material and on plasticity and friction, which fact offers a methodology suitable for determining toughness and deformation stress from the performed experiments for a number of solid substances, including metals, plastics, and wood (Orlowski and Palubicki 2009 ). The main parameters of the model, using fracture mechanics, are shear yield strength τ and fracture toughness R (Atkins 2005) . The new computational model further uses the application of Ernst-Merchant's theory for wood cutting by a saw blade. Atkins (2003 Atkins ( , 2005 Atkins ( , 2009 , applying the original ErnstMerchant equation and his own experiments, has developed an equation of forces involved in the cutting process. Based on the Ernst-Merchant diagram, magnitudes of the forces acting on the workpiece and on the tool are calculated (Kopecký et al 2014) . With the application of the results based on fracture tests, further progress can be made by analyzing the cutting process. Fracture is an important parameter in all machining processes (Atkins 2003; Atkins 2005) . Kowaluk (2007) applied the results obtained during longitudinal cutting and wood milling and also fracture mechanics to chipboard machining (Kowaluk et al 2004) . Wyeth et al (2009) used Atkins' theory (Atkins 2003; Atkins 2009 ) for two classical cases of orthogonal wood cutting, where the first is type I chip formation, which is commonly called the chip that is formed by bending (Franz 1958; Williams 1998) , and the second is the type II chip that forms by shearing.
The main objective of this article was to develop and design a new model of calculation of fracture parameters for axial-perpendicular direction of wood cutting that would allow simplification and refinement. Using the newly designed model, it is possible to determine fracture toughness and shear yield strength only on the basis of the cutting tests without performing complex fracture tests.
Theoretical Background
The cutting kinematics (Fig 1) makes it clear that the saw blade teeth move at the constant cutting velocity v c along a circular trajectory. When cutting, this rotating movement compounds with the linear workpiece movement v f , ie the tooth cutting edge moves along a cycloid. Furthermore, it is difficult to assume that under this kind of sawing kinematics, there is a case of perpendicular cutting because the angle between the grains and the cutting speed direction differs from 90°(w 3 ¼ 0-90°), as it was assumed for the sash gang saw and the band sawing machines. The rotation movement of the cutting tool and the steady feed result in the change in chip thickness. The model of the main edge of the tooth is axialperpendicular toward the grain direction (||-'), with w 1 ¼ 90°, w 2 ¼ 0°-90°, and w 3 ¼ 0°-90°.
When calculating, the mean uncut chip thickness h m is considered; it is determined at the point of the mean fiber cutting angle w 2 . From the Figure 1 . Ernst-Merchant's diagram: F c , cutting force; F t , thrust force; F sh , the force required to shear the wood along the shear plane; F shN , normal force on the shear plane; F γ , friction force on the rake face; F γN , normal force to the rake face; F f , feed force; F a , active force. geometry of circular saw blade cutting, it is evident that the angle of fiber cutting varies. At the point of tooth contact with the workpiece, it equals to the entry angle ψ 1 , which is given by
; at the point of circular saw blade teeth disengagement, it equals to the exit angle ψ 2 , which can be determined as ψ 2 ¼ arccos a e R , where R is the circular saw blade radius, e is the workpiece height, and a e is the position of the workpiece. The mean fiber cutting angle w 2 is then determined as the average value of both angles. When the tooth begins to cut, the uncut chip thickness has the minimum h min value. The maximum uncut chip thickness h max is reached at the moment when the tooth leaves the workpiece. As already mentioned, the mean uncut chip thickness h m is considered in the calculation models.
The mean uncut chip thickness is then calculated from the following relationship:
According to the latest theoretical knowledge using fracture mechanics methods (Atkins 2003; Orlowski 2007; Orlowski et al 2013) , the mathematical model of power calculation for circular saw blade cutting can be expressed in the following form:
where z a is the number of simultaneously cutting teeth, τ γ||' is the shear yield strength, b is the saw kerf width, γ is the shear strain along the shear plane, h m is the mean uncut chip thickness, v c is the cutting speed, R ||' is the specific work of surface separation (fracture toughness), Q shear is the friction correction coefficient, and ṁis the mass flow of chips.
The terms in Eq 2 express the power necessary for chip bending and cutting, the power to overcome friction between the workpiece and the tool blade, and the power necessary for surface separation. The term after the bracket does not express the force ratios during chip separation itself but expresses the kinetic energy for chip removal by the circular saw blade. All this work is provided externally from the cutting force components moving in parallel to the machined surface. This means that it affects only the total consumed saw power (Orlowski et al 2013) .
The following is valid for the chip mass flow:
where b is the saw kerf width, l is the cut length, v f is the feed speed, and ρ w is the wood density.
It is important to pinpoint that this model assumes perfect sharpness of the cutting edge. Moreover, it does not consider the effect of blunting and chip momentum because of the mean values of feed speeds during wood cutting.
Unknown parameters of the model were calculated, based on calculation of the forces acting on the workpiece and the tool (Fig 1) . Using the measured cutting force F c and the feed force F f , other components of the resulting active force were calculated-the computation was based on Ernst-Merchant's diagram. First of all, the shear plane angle Φ was determined. For large uncut chip thicknesses (for which the shear plane angle Φ is constant), the Ernst-Merchant equation can serve as the basis:
where β µ is the friction angle given by tan À1 µ ¼ β µ , µ is the coefficient of friction, and γ f is the rake angle.
Using the shear plane angle, the shear strain along the shear plane γ can be calculated from the equation:
The friction correction coefficient Q shear is calculated according to the following formula:
The friction correction coefficient Q shear depends in principle on the orientation of the shear plane to the machined surface. If the shear plane angle Φ equals to zero (the tool does not cut the chip), the friction correction coefficient Q shear is constant and equals to 1 (see Eq 6).
If chips are formed by shearing, the cutting force size can be established experimentally. The relationship between the cutting force and the uncut chip thickness is considered linear when cutting most of the materials. The only exception is the zone of extremely thin chips, when the cutting mechanism changes significantly. The same results are reported by Csanády and Magoss (2013) for processing wood and wood-based materials. This conclusion was confirmed experimentally for frame saw (Orlowski 2007; Orlowski and Atkins 2007; Orlowski and Palubicki 2009) and for circular saw cutting (Kopecký et al 2014; Hlásková et al 2015) . This is why it is possible to describe precisely the dependence of the cutting force on the varying uncut chip thickness, using two experimental points resulting from at least two independent measurements. The cutting force, related to one tooth, is in the model, using fracture mechanics, expressed by the line slope.
From the measured data, a graph of dependence of the cutting force per one tooth F c 1z on the uncut chip thickness h m was created. The data points were intersected by a line (linear trendline), and the regression equation was obtained (see Fig 2) :
Regression equation is in the form:
The shear yield strength is determined from the slope of the linear regression line:
This part of the energy is used to create the chip and represents the energy necessary for plastic deformation of the unit material volume. The slope of the linear regression line k, therefore, reflects consumption of the energy for chip formation and for its permanent strain.
MATERIALS AND METHODS
Experimental Device
Measurements were performed on the test bench simulating conditions of circular saw cutting in real operation as accurately as possible (Kopecký and Rousek 2012) . The stand is based on a fixed stator of the DC dynamometer of DS 442-2/V model. The speed of the spindle, on which the saw blade is mounted, can be controlled continuously by the Leonard device up to n ¼ 12,000 rpm at a maximum torque of M c ¼ 14 N$m. The material is fixed on a movable carriage, which is led toward the cut in linear guides and is fed by a ball screw. The screw is driven by an asynchronous electric motor via a frequency converter, controlling material feed toward the cutting unit. The feed speed can be changed in the range v f ¼ 3-22 m$min
À1
.
Measurement of the torque M c and the rotational speed n is performed, using the T34 FN-HBM contactless sensor. It consists of two basic parts: a rotor and a stator. The T34 FN-HBM sensor is connected, via the connectors, with the Spider8 measuring control unit, which feeds and at the same time processes the output torque Mc and the rotational speed n signals. The control unit communicates with the computer, where the control software assesses the processed signal. Spider8 is an electronic measuring system designed for measuring mechanical quantities (force, pressure, travel, speed, relative elongation, etc) through the connected sensors (passive or active).
The workpiece feed force is measured tensiometrically by the S2-HBM resistive dynamometer (HBM, Darmstadt, Germany), which senses tension and pressure up to 100 N or 200 N, with the class of accuracy of 0.05. The dynamometer is located between the ball screw nut and the infeed carriage in such a way that its torsional stress, which would cause measurement inaccuracies, may be avoided.
Circular Saw Blade
The circular saw blade for longitudinal wood cutting, manufactured by the company Flury Systems AG (Arch, Switzerland), was used for the experiment. It is a standard blade with straight teeth. In the cutting zone of the blade, four radial expansion grooves, ended by a copper rivet compensating corrugation because of increasing temperature and reduced noise level, are burned in. Moreover, this blade has a modified tension by rolling. Design parameters of the circular saw blade were as follows: diameter D ¼ 350 mm, teeth number z ¼ 28, hole diameter d ¼ 30 mm, saw blade thickness s ¼ 2.5 mm, tooth height h ¼ 10.5 mm, clearance angle α f ¼ 15°, and rake angle γ f ¼ 20°. The saw blade was clamped with collars 100 mm in diameter.
Material
Beech wood (Fagus silvatica L.) and spruce wood (Picea abies L.) samples originating from the Training Forest Enterprise Masaryk Forest Křtiny, an organizational part of Mendel University in Brno, Czech Republic, were used. The length of specimens used for the experiment was 800 mm. The thickness of the samples was e ¼ 21 mm. The width of the samples was 500 mm; however, because of the manner in which the tests were conducted, these parameters were insignificant. Moisture was detected by a wood moisture meter (HMB-WS25; Merlin Technology GmbH, Tumeltsham, Austria), which was used for quick nondestructive wood moisture measurements. The gravimetric method was used to more accurately determine the moisture of the samples. Additional information on materials (average moisture and density value) can be found in Table 1 .
Cutting Conditions
Feed speed was changed in the range v f ¼ 2-22 m$min À1 with the step shown in Table 2 . This corresponded to the changing mean uncut chip thickness h m . For the present cutting conditions, a series of measurements, subject to statistical assessment, was performed. Twenty-five measurements were made for each feed speed. Variation coefficient of the torque was approximately 3.6% and of the feed force was 4.8%, indicating low data variability.
Calculation of the kinematic elements of circular saw cutting was performed in accordance with the aforementioned relations. These variables are the input parameters for calculation of the fracture parameters.
RESULTS AND DISCUSSION
The torque and feed force curves are shown in Fig  3, where it is possible to distinguish three phases of cutting. At the beginning of the process of cutting, the torque and the feed force rise steeply and reach the maximum value, with stabilization afterward. This part of the record is the most important because we can determine the actual Linear regression models have been developed using the QC Expert software (QC-expert AG, Dübendorf, Switzerland). Regression triplet testing, ie testing of data quality, model quality, and quality of the least squares method, was performed on the basis of the Cook-Weisberg test for heteroskedasticity, Jarque-Bera test of normality, Wald test of autocorrelation, and sign test of residues. Table 3 presents the characteristics and parameters of the regression models for individual experiments.
Based on the regression triplet testing, no negative conclusions were made that would affect the credibility of the regression model. Although the linear regression lines have differing parameters, there is no statistically significant difference in quality between the regression equations. The models were validated using the leave-one-out cross-validation (Table 4 ). Its use is recommended for small data sets. The mean quadratic error of the model cvRMSE (error of the missed case over others, or the training-to-testing error) is an important parameter of the leave-one-out crossvalidation. The lower the value, the higher the quality of the model. Based on the mean squared error of the model in the cross-validation and based on the Akaike information criterion, we can conclude that all models are of good quality.
The obtained regression models of the cutting force per tooth, as a function of uncut chip thicknesses, are presented in Fig 4 for processing with the circular saw blade. The cutting force trend was linear, and it was expressed in the form as Eq 7. The average cutting force per one tooth for processing with the circular saw blade, for a tooth position defined by the mean fiber cutting angle w 2 ¼ 41.72°, is described as follows: In the first step, characteristic data were estimated according to Atkins (2005) . The toughness R ||' was determined from the experimental ordinate intercept, where the value of the intercept was 6.3814 (N) for Beech8, 5.9617 (N) ) for Spruce16 (Eqs 10-13). Application of the fracture mechanics approach to the sawing processes of both beech and spruce samples on the circular sawing machine yielded fracture toughness R ||' w 2 ¼ 41.72°) and shear yield strength τ γ||' (w 2 ¼ 41.72°). Computed values are input data for determination of the fracture parameters (see Table 5 ) for the axialperpendicular direction of saw blade cutting.
Comparison of Fracture Features
Ashby et al (1985) focused their research on the relationship between fracture and toughness of different wood species. In particular, they investigated the impact of wood body geometry, density, and direction of crack propagation. Based on their research, it can be concluded that fracture toughness of dry intact wood depends on density, both along and across the fibers. This statement is justified by the fact that samples with a higher density provide greater resistance to crack propagation, thanks to higher concentration of the wood mass (Petterson and Bodig 1983) . The same conclusion was published by Leicester (1983) , Kretschmann and Nelson (1990) , and Gibson and Ashby (1997) . Our results (see Table 5 ) showed the same trend. Fracture toughness of the spruce was lower than that of the beech. For samples with moisture w ¼ 8%, fracture toughness of the spruce was lower by nearly 12%; for samples with moisture w ¼ 16%, it was lower by 11%.
Further influence on fracture toughness is vested to moisture, temperature, and load rate. Kretschmann (2010) argues that there is only restricted information about the influence of moisture on fracture toughness. The available information suggests that fracture toughness is either insensitive to the MC or rises with reducing moisture in the wood. Our findings confirm this claim. Fracture toughness decreased with rising water content in the wood: for beech, the decrease is by 7%; for spruce, the decrease is by 5%. Kretschmann and Green (1996) have established that fracture toughness of the common pine wood reaches maximum values at an MC of w ¼ 6-8% and that fracture toughness decreases slightly when the value falls below this moisture level. Nikitin (1966) explains this claim by penetration of water into the crystalline structure of cellulose microfibers. This leads to a decrease in crystallinity and a decrease in fracture toughness afterward. For higher moisture values, the reduced fracture toughness is explained by increased plasticity during crack propagation (Atack et al 1961) .
Comparison of shear properties is shown in Table 5 , where we can see that the shear yield strength for beech is in all cases higher than that for spruce. If we take into account the fibrous wood structure, we can distinguish different kinds of shear-from the point of view of machining, the shear in the transverse plane (forces act in a radial or tangential direction) approaches best to our method of fracture. This strength of wood is often named fiber cutting or shear yield strength (Požgaj et al 1997) . The shear yield strength is 3-4 times higher than the strength parallel to the fibers. (Kivimaa 1950) . We can say in general that water leakage from the cell wall leads Table 5 . Comparison of the parameters input into the newly designed model. to higher elastic and strength properties. Požgaj et al (1997) claims that if moisture changes by 1% within the bound water range, wood strength will change in average by 3-4%. From Table 5 , it is evident that the shear yield strength is always higher for dry wood.
It is necessary to consider both the fracture toughness and the shear yield strength listed in the literature for individual load directions and for the main directions of cutting or crack propagation. However, our measured results represent a combination of these basic directions because sawing was performed in the axial-perpendicular direction of cutting. More detailed comparison of these fracture features with the literature data is, therefore, difficult.
The friction coefficient µ is another important parameter of the model, which affects the friction angle β m , the shear plane angle Φ, the shear strain along the shear plane γ and the friction correction coefficient Q shear . Friction coefficient µ values for spruce are lower than those for beech, and similar results have been achieved by Beer (2002) . The difference in results between beech and spruce is because of the differing anatomical structure of coniferous and deciduous wood species and differing fiber orientation (McKenzie and Karpovich 1968; Ramananantoandro et al 2007) . Aira et al (2014) claims that the resin content of coniferous wood promotes surface slipping, and therefore, the friction coefficient is lower. However, values of the friction coefficient quoted in the literature data usually do not show any difference between softwood and hardwood. According to Glass and Zelinka (2010) , the coefficient of friction increases with the rising water content in wood. The same trend is supported by our results: namely, for measurements of both the beech and the spruce samples: the coefficient of friction for Beech16 is µ ¼ 0.66; for Beech8, µ ¼ 0.56; for Spruce16, µ ¼ 0.54; and for Spruce8, µ ¼ 0.46. These results also correspond with the results of Sjödin et al (2008) . Orlowski et al (2017) used the friction coefficient µ ¼ 0.9, taken from Glass and Zelinka (2010), in their publication focused on pine sawing.
CONCLUSIONS
Various methods for calculating fracture toughness can be found in the literature. Unfortunately, most of these methods are intended for isotropic materials, or fracture toughness is calculated based on performed fracture tests. Using the newly designed model, it is possible to determine fracture toughness and shear yield strength only on the basis of cutting tests without performing complex fracture tests.
By applying the results obtained in the experiment, we have determined these fracture parameters for the axial-perpendicular direction of cutting using a circular saw blade. This model is, therefore, applicable only for this direction of cutting because both parameters are suitable for the given direction of cutting edge movement and cannot, therefore, be considered constants. Alternatively, these parameters can be converted for two principal directions regarding wood grains, where they can be considered nonvariable features (Orlowski et al 2017; Hlásková et al 2018) .
The value of the fracture parameters is affected by the wood species and the wood MC. One representative of coniferous and one representative of deciduous wood species were selected to examine the influence of the wood species. This comparison confirmed the obvious influence of anatomical structures and density on the size effect of fracture parameters. The influence of MC was reflected despite its small change from w ¼ 16% to w ¼ 8%.
The methodology is applicable in currently used machine tools and tools/accessories (in cases where the rake angle does not exceed 35°and when shear is observed in the cutting zone [Franz 1958]) and to a wide range of materials (wood-based materials and modified industrial materials).
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